InP was grown on (001) and (1 11)B InP substrates by the supercooling and step-cooling technique and In 1 -~Ga~As~Pi-(x -0.2 and y -0.5) was grown on (001), (1l1)A and (111)B InP substrates at 640-650°Cby the step-cooling technique. Calculated growth rates assuming diffusion limited growth, using experimental phase diagram relations were compared with experimental data. Excellent agreement was found for the growth of InP on (001) and (111) (111) faces a critical supersaturation of 4°Cwas observed. The criterion of constant composition for quaternary layers grown at constant temperature was verified using double crystal X-ray diffractometry. A constant composition was observed on the (001) and (111)A faces, in contrast to the (111)B face, where the growth seems to be dictated by surface kinetics.
1. Introduction section 3. In section 4, the experimental results are presented and compared with the diffusion limited Liquid phase epitaxy (LPE) is frequently used growth model for the growth of InP on (001) and to grow thin layers of Ill-V compounds for opto-(111)B InP substrates by the supercooling and the electronic devices. From the literature it is clear step-cooling technique and for the growth of Inthat the growth rate of binary Ill-V compounds is GaAsP on (001), (111)A and (111)B InP subdetermined by the rate of diffusioi~of group V strates by the step-cooling technique. solutes towards the solid-liquid (S-L) interface. The diffusion limited growth model has been extended to the multicomponent system by de 2. Diffusion limited growth model Crémoux [1] . Relations for the layer thickness and the composition of the solid phase were deduced
The LPE growth rate of Ill-V compounds has with the aid of linearized phase diagram data. For been experimentally determined by many authors the growth of InGaAsP lattice matched to InP, and the results have been analysed on the assumpdiffusion limited growth on (001) InP [2] [3] [4] and tion that the growth rate is determined by the rate also orientation effects have been reported [5, 6] .
of solute diffusion towards the S-L interface with Up to now however, no study has been reported in fast interface kinetics. If there is no free convecwhich a quantitative comparison is made between tion and the area of the growth solution is smaller experimental results and the theoretical diffusion than or equal to that of the substrate, the mass limited growth model using experimental phase transfer of solutes towards the S-L interface can diagram data of a multicomponent system. be described in the case of an n-component sysIn this report the results of the multicomponent tem by (n -1) one-dimensional diffusion equadiffusion limited growth model are given in sections: tion 2 and experimental methods are described in a 2cL (u, t) acL(u, t) D l = I
au2
Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands. (2)), and the connent / in the solution (cm2/s). stant composition across the thickness. The motion of the growing interface is neglected, the diffusion coefficients are assumed to be mutual and concentration independent and the 3. Experimental procedures liquidus curve of a multicomponent system is linearized for the small cooling intervals applied.
Growth method
With these assumptions, as long as the solution may be regarded as semi-infinite (I~< d2/D~, The experimental LPE apparatus consisted of a where d = the thickness of the solution (cm)), horizontal furnace system and a conventional slidthese equations have been previously solved for ing graphite boat, made from POCO DFP 3-2 boundary conditions corresponding to different graphite. Palladium diffused H 2 flowed through LPE techniques.
the fused silica reactor tube inside the furnace. For growth by the supercooling technique the Prior to each experiment, the reactor tube was layer thickness e is the sum of the layer thickevacuated (<5 X 102 Torr) to remove oxygen nesses for the step-cooling and for the equilibrium and water vapour. The dimensions of the bins growth technique:
were 20 x 12 mm 2. while the substrates were 22 x 12 mm2. To prevent free convection, 3.2 mm thick
solutions with graphite blocks on top were used.
where /.~Tis the initial supersaturation of the For the growth and seed-dissolution experisolution (°C). R the cooling rate (°C/min), and ments, (001), (111)A and (111)B oriented disloca-K the growth rate constant given by tion free lnP substrates (S doped, n = 2 X 10c m 3) supplied by internal sources [8] were used.
2CL n-I
C.S(O, t) -CL(O, t)
The (001) and (111)B substrates were cleaned and
etched in a 2% bromine-methanol solution. Dur-
ing the heating the substrates were protected from where phosphorus loss by a 4 wt% InP solution in 6N Sn (Billiton) [9] . In the lnGaAsP growth experiments
an InP buffer layer was grown first to bury any
residual damage; in the case of (111)A substrates an In melt-etch was used. a, =~T,/Ox,L is the partial derivative of the liquiIn the seed-dissolution experiments, the soludus function (°C),and CIS(0, t) the concentration lions were composed of 6N In (Billiton), undoped (atoms/cm3) of component i in the solid at the InAs (MCP) and GaAs (Philips). In the growth S-L interface at time t (atoms/cm3).
experiments undoped InP (MCP) source material For the composition of an epitaxial layer grown was used. Prior to each experiment the In was from a multicomponent solution de Crémoux [1] etched in concentrated HC1 and the source materiderived relations using generalized segregation als were batch-wise etched in bromine-methanol. coefficients. He concluded that the growth by the The solutions were homogenized for at least 30 step-cooling technique should result in epitaxial mm at 680°Cand the seed-dissolution and growth layers with a constant composition. This was cxexperiments were carried out at 640-660°C.Durperimentally verified by Feng et al. [7] .
ing the seed-dissolution experiments the solution Therefore, in order to determine whether growth was kept in contact with the substrate for I h at of a multicomponent epitaxial layer occurs in constant temperature (~T< 0.1°C).In the growth accordance with the diffusion limited growth experiments InP layers were grown using the sumodel there are two things to check for the steppercooling and the step-cooling technique and taxial layers were measured with the electron microprobe analyser (EPMA) "Camebax", with InP and GaAs as standards. The quaternary layer thickness of the analysed samples was always evaporation of phosphorus took place during the greater than 2~em to avoid interference from the seed-dissolution experiments. substrate.
Growth parameters and layer thicknesses of InP epitaxial layers grown around 650°Con (001) substrates by the supercooling and by the step-
Growth experiments
cooling technique are shown in table 1. For the growth rate constant of InP on the (001) plane,
Growth of InP on (001) and (111)B InP
using eq. (2) we found:
The P concentration in indium in equilibrium -iJ.IIJV -'J.'Ju.) sm1~iThfl with (001) InP, derived from the weight loss of the In experiments where (001) and (111)B InP subsubstrate in seed-dissolution experiments, can be strates were put side by side under the same expressed by solution we observed that the two lnP layer thick-
nesses did not deviate significantly. Fig. 1 shows that the difference between our re-4.2. Calculation of growth rate of InP sults and earlier published data [12] can be fully attributed to a difference of 9°Cin the tempera-
The growth rate constant is given by eq. (3). In ture which was measured under the substrate with this equation CL and Cs were calculated from a not specially calibrated thermocouple. By a mass pr,, = 6.67 g/cm3 at 650°C [13] and pj~p= 4.787 balance it was confirmed that no significant g/cm3 [13] , respectively. The diffusion coefficient Only for the (001) face the InGaAsP layer thickness increases linearly, nearly from the origin, with
the supersaturation according to eq. (2) with K = From this very good agreement between the 0.13~em/°C. mmt"2. The same value of the growth calculated and the experimental value it may be rate constant K was found in experiments where concluded that the LPE growth of InP on (001) the growth time was varied while the supersaturaand (111)B can be described with the one-dimention was kept constant at 7.7°C. For the growth sional diffusion limited growth model. [16] .
the supersaturation when higher than 5°C.For the For smaller supersaturations and a growth time of (111)A face this results in an effective growth rate 10 mm the quaternary layer thickness became less constant K = 0.145 ftm/°C.min~2. fig. 5 respectively. AFL was measured after each step.
position of the growth solution and the same creased. This variation of the composition of the growth temperature, differs for the (111)B face solid, and the layer thickness as a function of from the composition on the (001) and (111)A supersaturation on the (111)B face for the stepfaces. This difference is strongly temperature decooling technique are clearly not in agreement pendent. For the (111)B face the distribution coefwith the diffusion limited growth model and mdificient of As is larger than for the (001) and cate a significant influence of growth kinetics. (111)A faces. The double crystal X-ray rocking
The influence of the substrate orientation on curves of InGaAsP layers on the (111)B face were the InGaAsP composition was also observed in very broad, up to 500 sec of arc FWHM for the growth experiments on misoriented substrates. In (222) reflection, and had a lower intensity. From these experiments two misoriented (001) subetching experiments performed in the same manner strates with the misorientation vector in either the as for the (001) (table  2) . This results in table 4. differences between DAS, DGa and D~by a factor (111), by the step-cooling technique the original surface. For further nucleation the can be described with the diffusion limited growth adsorption of a single atom on the original surface model and the extended multicomponent model next to this centre is required, where again two using linearized phase diagram data. For the dangling bonds are created. Subsequently, a series growth of InGaAsP on (111) InP substrates a of group III and group V atoms can readily be critical supersaturation for nucleation of 4°C is added to the crystal with two bonds. This process observed. This may qualitatively be explained with has to be repeated at the start of the growth of an attachment model of atoms, but it also seems every new chain. With these models the observed necessary to take into account Ill-V complexes in difference in nucleation of InGaAsP, InGaAs [16] the growth solution. Above the critical suand InGaP [19] on (001) and (111) planes can be persaturation the growth of InGaAsP on the qualitatively explained.
(111)A face seems to be diffusion limited, in conThe growth of InGaAsP on the (111)A face trast to the (111)B face, where the growth appears might be described with the diffusion limited to be dictated by surface kinetics. For the (111)B growth model once the nucleation barrier has been face the distribution coefficient of As is larger overcome. For the step-cooling technique the layer than for the (001) and (11l)A faces. For the (001) thickness depends linearly on the supersaturation face the group V element distribution coefficients ( fig. 2 ) and the composition of the solid is homoshow a stronger temperature dependence than the geneous, but a rather large difference between the group III elements. experimentally determined growth rate constant and the calculated one is found. For the (111)B face the growth seems to be dictated by surface
